This article presents a hybrid adaptive multi-carrier architecture that, according to the channel condition, wisely switches between orthogonal frequency division multiplexing (OFDM) and orthogonal filtered multitone (FMT) modulations. This new scheme is referred to as hybrid-FMT (H-FMT). For H-FMT, the problem of jointly allocating the sub-channels powers, the overhead duration, and the modulation scheme, to the channel condition to (a) maximize the achievable rate, or (b) minimize the total transmitted power, is considered. Furthermore, we present an efficient implementation that requires minimal increased complexity w.r.t. baseline OFDM. The potential benefits given by the adoption of H-FMT are shown through extensive numerical results over typical WLAN channels.
Introduction
Power saving is playing an important role in the development of advanced communication technologies. In fact, energy efficiency and saving are fundamental objectives to contribute to the Sustainable Growth also specified in the "Europe 2020" strategy. However, not only power saving, but also high bit-rate has to be granted for those applications that need high quality of service. For example, considering wireless local area networks (WLANs) or personal area networks scenarios, the increasing demand for high-quality multimedia services to be offered in consumer electronics devices has pushed the development of new communication technologies that make use of advanced communication techniques such as multi-carrier (MC) modulation, cooperative communication [1] , resource allocation, and cross-layer optimization [2] . Some relevant examples are the devices compliant with the 802.11n or 802.15.3c IEEE wireless standards.
This article proposes the use of a novel hybrid MC architecture that allows for (a) improving the achievable rate, or for (b) saving power w.r.t. conventional orthogonal frequency division multiplexing (OFDM) for the WLAN application scenario. The scheme is referred to as hybrid filtered multitone (H-FMT) [3] . Depending on the channel condition, H-FMT switches between filtered multitone (FMT) modulation with minimal length orthogonal pulses and adaptive-OFDM (A-OFDM). To this end, two switching criteria that allow H-FMT to select the modulation are jointly designed with the resource allocation algorithms to maximize the achievable rate or to minimize the transmitted power.
FMT is a discrete-time implementation of MC modulation that uses uniformly spaced sub-carriers and identical sub-channel pulses. It has originally been proposed for application over broadband wireline channels [4] , and subsequently it has been investigated for applications over wireless channels [5, 6] . The considered FMT deploys orthogonal filters with minimal length equal to the duration of one transmitted symbol. This renders the system to be interference free in ideal conditions and makes the filters to be maximally confined in frequency. Consequently, when signaling over a frequency selective channel both the inter-carrier interference (ICI) and the inter-symbol interference (ISI) are well mitigated. Furthermore, its computational complexity is comparable to that of OFDM [7] .
OFDM can be seen as an FMT that uses rectangular sub-channel pulses. It is well known that in presence of a frequency selective channel, the cyclic prefix (CP) is needed to mitigate the interference components. If the CP is longer than the channel impulse response, the system maintains its perfect reconstruction property, thus, no interference is present at the decision stage. Clearly, when the CP is shorter than the channel duration, ISI and ICI terms arise [8] . In [9] , it was found that over WLAN channels, the CP has not to be necessarily as long as the channel duration to maximize the achievable rate. The rationale behind it is that the interference can be increased in noise-limited systems without affecting the achievable rate. Furthermore, a nearly optimal value of CP-designed according to the statistic of the achievable rate optimal CP duration-was found for each channel class of the IEEE 802.11n WLAN channel model [10] . The OFDM that adapts the CP to the channel condition is referred to as A-ODFM.
Thanks to the similarities of the efficient implementation of both FMT with minimal length pulses and A-OFDM [11] , the realization of H-FMT introduces a marginal increase in computational complexity w.r.t. conventional OFDM. This renders the proposed scheme suitable for being implemented in consumer electronics devices that offer WLAN connectivity, e.g., notebooks, tablets, or smart phones.
This article first focuses on the achievable rate maximization (RM) problem of H-FMT. To this end, two switching criteria that allow H-FMT to select the modulation, namely FMT or A-OFDM, that maximizes the achievable rate are presented. The first switching criterion is optimal but characterized by a high computational complexity. The second is sub-optimal but has low complexity inasmuch it selects the modulation based on the estimation of the signal-to-noise ratio (SNR). Afterwards, the power minimization (PM) problem for H-FMT is considered. Since H-FMT is based on A-OFDM and FMT, in general, it suffers from interference. This makes the PM problem not convex, and therefore hard to solve. To simplify the problem, an iterative algorithm is proposed. At each iteration, it assumes the interference to be independent on the distribution of the transmitted power, and thus it solves the corresponding convex PM problem using the KarushKuhn-Tucker (KKT) conditions [12] .
Extensive numerical results over typical WLAN channels compare H-FMT with conventional OFDM that uses a conservative fixed value of CP. They show that H-FMT may significantly increase the achievable rate of WLAN devices w.r.t. OFDM, without increasing the transmitted power, and further, it outperforms OFDM up to 3 dB in terms of transmitted power-yet reaching the same rate.
The remainder of this article is organized as follows. In Section 2, the general MC system model as a filter bank scheme is introduced, and OFDM and FMT are derived. The RM problem is presented in Section 3, and it is applied to H-FMT in Section 4. Some of the results obtained when solving the RM problem of H-FMT are used in Section 5, to solve the dual problem, namely, the PM problem of H-FMT. Section 6 presents the numerical results, and finally, the conclusions follow in Section 7.
System model
A complex baseband MC modulation scheme is considered (see Figure 1) . In MC modulations, a high data rate signal is split into M parallel signals a k ð Þ ℓN ð Þ, where k is the subchannel index (k = {0,. . .,M -1}), N is the symbol period in samples, and ℓ is the time index. The symbol period in seconds is given by NT, where T is the sampling period a . The parallel signals, which in general are streams of data symbols belonging to a complex constellation, e.g., M-ary QAM, are interpolated by a factor N, filtered by the subchannel pulses g
. ., M − 1} (which are the modulated version of the prototype pulse g(n)), summed and transmitted over the channel. The transmitted signal can be therefore expressed as the output of a synthesis filter-bank (FB), i.e.,
In (1), the interpolation factor N is equal to M + β samples, where β denotes the overhead (OH) factor. The channel is modeled as a linear time-invariant filter. In particular, the IEEE 802.11 task group n (TGn) channel model [10] is adopted. This model was developed within TGn for indoor WLAN systems. It allows for generating channels belonging to five classes, which are labeled with B,C,D,E,F and are, respectively, characterized by a given average rms delay spread, i.e., {25, 39, 55, 100, 150} ns. Furthermore, each class is a representative of a certain environment, e.g., classes B and C are representatives of residential homes and small offices, class D of typical office environments, classes E and F of a large indoor open space/office. Both line of sight (LOS) and non-LOS (NLOS) propagation are modeled. This model also accounts for small-scale multipath fading and large-scale path loss fading as a function of distance. A detailed description of the model is reported in [10] and in the references therein.
The continuous time complex impulse response provided by such a model can be written aŝ
where A(d) is the attenuation attributed to the path-loss when the transmitter and the receiver are at distance d. The number of multipath components is denoted by v. Depending on the distance and on the channel class the path-loss is either computed using deterministic 
According to (3), the signal y(n) is filtered by the modu-
, where h(n) is the prototype pulse, and down-sampled by a factor N. Furthermore, the received signal in the kth sub-channel can be decomposed into three components: the signal of interest U 
(0). These components are in general all dependent on the OH factor β as shown in (3).
OFDM
The OFDM system can be obtained from the general MC scheme setting the synthesis and the analysis prototype pulses, respectively, equal to
where rect(n/N) = 1 for n = {0,1,. . .,N-1} and zero otherwise. The OH factor β = N -M corresponds to the CP duration in number of samples. The CP copes with the interference caused by the transmission over a dispersive channel. In general, the design of the CP duration in OFDM systems consists in choosing a certain value of CP that results longer than most of the channel durations such that no interference occurs at the receiver side [8] . However, this benefit is paid in term of (a) a loss in SNR of a factor β/(M + β) since the prototype pulses are not matched, and as it will be shown in the following, (b) a loss in achievable rate of a multiplicative factor M/(M + β).
FMT with minimal length pulses
Different from OFDM, in FMT the analysis pulse is matched to the synthesis pulse, i.e., h(n) = g*(−n). A distinctive characteristic of FMT is that the prototype pulse is designed to obtain high-frequency confinement [4] , namely long prototype pulses allow FMT to experience a negligible ICI term. Therefore, the equalization task focuses on canceling the ISI term by means of linear sub-channel equalizers. In general, FMT with long prototype pulses performs better than OFDM, although its implementation complexity is higher [13] .
In this article, to lower the implementation complexity of FMT and to make use of an efficient implementation realization with minimal changes w.r.t. OFDM, the use of FMT with the shortest possible length pulses,-namely FMT whose pulses have length N samples,-jointly with single tap sub-channel equalization is considered. It can be obtained from the general MC system model in Figure 1 , by simply substituting the prototype pulse h(n) = g*(−n) with an FMT orthogonal pulse having minimal length [7] . These pulses satisfy the orthogonality conditions given by the following system of equations
ð5Þ where δ n denotes the Kronecker delta. It is worth noting that FMT uses sub-channel matched filters at the analysis stage. This implies that although FMT uses an OH β = N -M, it does not suffer from a reduction of SNR as OFDM does. Now, looking at (5), it can be noticed that its solution is not unique, and thus the filter g(n) coefficients can be parameterized with a minimal set of parameters θ. Then, in order to have maximally frequency-confined pulses, the parameters θ that satisfy the minimum square error from a target pulse H(f) are chosen as arg min
where G(f,θ) is the frequency response of the prototype pulse g(n) as function of the parameters θ. Figure 2 shows an example of an FMT orthogonal pulse with N = (9/8)M. It has been obtained by considering a root-raised cosine target spectrum. It will be used in Section 6 to obtain numerical results. The OFDM pulse is also shown. It is interesting to note that the orthogonal pulse in Figure 2 has only β coefficients that differ from a constant. More details regarding the filter design for FMT are reported in [7] .
Adaptive filter bank schemes
Looking at (3), the signal-to-interference plus noise ratio (SINR) in the k-th sub-channel, for a given fading channel realization, can be expressed as follows
where the SNR and the signal-to-interference ratio (SIR)
are, respectively, defined as SNR
The average power of the signal of interest, the interference, and the noise are, respectively, defined as [14] .
where, P k ð Þ a denotes the power of the transmitted data symbols in the k-th sub-channel, and E{·} denotes the expectation w.r.t. time. Furthermore, in (8), the cross talk impulse
and in (9) the total useful received power P tot (k) (β) can be computed as In the following, to facilitate the analytical description, the SINR is expressed as
where, the parameter γ
ð Þ is the SINR itself when transmitting with unity power. Now, assuming parallel Gaussian channels and statistically independent Gaussian distributed input signals-which render ISI and ICI also Gaussian (cfr. e.g., [8] )-and applying single tap zero forcing equalization, the achievable rate in bit/s for a given channel realization is defined as
where the dependency of the SINR, and consequently of the achievable rate, on the OH β, on the vector of the sub-channel transmitted powers
, and on the modulation scheme I ∈ {OFDM, FMT} has been made explicit. Therefore, the achievable rate can be maximized solving the following rate maximization (RM) problem, for a given channel realization, max β;Ρ a ;I C β; Ρ a ; I ð Þ;
where, P is the sub-channel power constraint, assumed to be constant across the sub-channels, as for example it is specified by the WLAN standard [15] .
Problem (15) is solved as follows. Firstly, the optimization of the parameters for a given modulation scheme is considered. Then, the algorithm to switch between the two modulation schemes is derived.
Adaptive OFDM
From (15), it can be seen that the RM problem of OFDM can be solved by finding the optimal power allocation and the optimal OH duration, namely, the optimal CP of length β samples. However, Equation (15) is not a concave optimization problem because the objective function is not concave. This can be proved by observing that the interference power depends on the transmitted powers P a . Furthermore, each term of the sum in the achievable rate formula can be expressed as a difference of log functions whose arguments depend on the elements of P a . Since the log function is a concave function and the difference of two concave/convex functions is not in general a concave/ convex function (cfr. [12] §3.2), the achievable rate is not a concave function of P a , in general. For the same reason, the achievable rate is not a concave function of β, in general.
Since the achievable rate is neither concave in P a nor in β, the optimal solution would require an exhaustive search, which is unfeasible.
To solve (15) , it is proposed to proceed as follows. Firstly, it is assumed to separately consider the power allocation and the CP optimization, namely, the optimal power allocation is computed for each CP value. Note that this assumption does not exclude any solution. Secondly, for each CP value, it is supposed that the interference is independent of the transmitted power. This assumption is reasonable if the interference is much smaller than the noise level, so that the SINR can be approximated by the SNR (see Equation 7) . Under this assumption, the RM problem becomes concave and its solution can be found imposing the KKT conditions [12] . In particular, observing that the system is assumed to be constrained by a power spectral density (PSD) mask, it can be easily shown that the RM problem is solved by the uniform power allocation at the PSD mask, i.e., P
. . . ; M À 1; (cfr. e.g., [16] ). Now, to optimize the CP duration β, it is observed that the CP of OFDM does not need to be as long as the channel duration to maximize the achievable rate, this is because: (a) the presence of the CP causes a loss in SNR of a factor β/(M + β) since the prototype pulses at the transmitter and at the receiver are not matched, (b) the level of interference can be increased nearly up to the noise power level without reducing the achievable rate (see Equation 14), (c) the increase of OH causes a decrease of achievable rate by the term 1/(M + β) (see Equation 14) .
Therefore, the optimal CP duration can be found, for each channel realization, maximizing the achievable rate (14) with the uniform power allocation at the PSD mask, i.e.,
Since the argument of (16) is not a concave function of β, the implementation of the optimal approach to adapt the CP to the channel realization requires an exhaustive search which is complex. Furthermore, since the WLAN channel is time variant, adaptation should be performed at each new channel realization, making the approach impractical.
A significant simplification that assures the feasibility of the CP adaptation, is to pre-compute a limited
amount of CP values, and then adapt the CP over this small set of values.
To determine the limited set of CP values, in [9] , it is proposed an approach based on the evaluation of the cumulative distribution function (CDF) of the achievable rate-optimal CP (16) . In particular, in [9] , it is shown (see also the numerical results in Section 6) that for a fixed level of noise, the achievable rate-optimal CP value depends on the specific channel realization and therefore, in general, it relies on the channel class and on the distance between the transmitter and the receiver. However, the optimal CP value variations are more pronounced among classes than within a given class. That is, the variation of the CP for the channel realizations of a given class for several distances is not as significant as if channels from different classes were drawn. Hence, in [9] it is proposed to choose a single value of CP for all channel realizations that belong to a certain channel class. For a given class and distance, the specific CP length is chosen to be the value of β for which the CDF of (16) is the 99-th percentile. Then, to obtain a single CP value associated to that class, the largest CP among those obtained for the considered set of distances is chosen. In particular, the considered set of distances ranges between 3 m and 60 m, which are plausible values for indoor WLAN applications. The set of CP values for the five classes is then denoted with
It is worth noting that the set of CP values would not change increasing the range of considered distances. In fact, each CP value is given by the correspondent smallest value of considered distances. This is because, the shorter the distance, the smaller the channel attenuation is. Consequently, the interference is high and it requires a long CP to be mitigated. Clearly, once the devices know the scenario in which they are working, or equivalently the experienced channel class, the CP adaptation reduces to pick the corresponding value of CP from the set P. In this respect, it is worth noting that the channel class can be found from a channel estimate. In fact, since each channel class is characterized by an average rms delay spread value, we may compute the channel rms delay spread and then choose the class that has the closest average rms delay spread.
Observations about the noise power level. An important parameter to consider when designing the CP is the noise power level. This can simply be understood looking at (14). In fact, the optimal CP depends not only on the channel, but also on the power of the noise. This is because the interference power can be increased, without a reduction of achievable rate, nearly up to the level of the noise power. Therefore, the higher the noise level the shorter is the CP duration that maximizes the achievable rate. Clearly, the receiver has to keep track of the noise fluctuations, and this can be done by periodically sensing the channel in the idle periods, e.g., in the short inter frame spacing which is present in the IEEE 802.11 MAC protocol between two consecutive transmissions (cfr. [15] , § 9.2.3).
Adaptive FMT
The optimal power allocation and OH duration for FMT can be found as done for A-OFDM. In particular, assuming a constraint on the PSD mask and the interference term independent on the transmitted power, the power allocation that maximizes the achievable rate is the one given by the same PSD limit level. Furthermore, the OH can be adapted to the channel condition to maximize the achievable rate, see (14). In principle, adaptation can also provide gains in FMT if we do not consider complexity. For instance with very long root-raised cosine pulses, the adaptation of the roll-off factor of the pulse and the interpolation factor N of the system allows for increasing performance [13] . However, in this article, we are interested in considering an orthogonal FMT system with the shortest possible pulse, namely a pulse of length N samples. In such a case, and for the considered channel model, numerical results have shown that [13] FMT with adaptive OH does not significantly improve the achievable rate, and in general the minimal length pulse that achieves the highest achievable rate is the one with N = (9/8)M. It is reported in Figure 2 
Hybrid FMT for achievable rate improvements
As discussed in the previous section, the power allocation and the OH duration can be adapted to the channel condition to maximize the achievable rate. Beside the previous parameters, in this section, the problem of adapting the modulation scheme to the channel condition is considered. In particular, the hybrid-FMT (H-FMT) scheme that, depending on the channel condition, switches between A-OFDM and FMT to maximize the achievable rate is presented. The use of H-FMT is motivated as follows.
In general, thanks to the use of the CP, A-OFDM experiences an interference level lower than both the interference level of FMT with minimal length pulses and the noise level. Therefore, in general, the achievable rate of A-OFDM is limited by the power level of the noise (14). Furthermore, as previously explained, in A-OFDM the analysis and the synthesis pulses are not matched. This causes a loss in SNR of a factor β/(M+β) w.r.t. FMT. Now, if the system is in presence of high channel attenuation, i.e., a channel attenuation that leads to an interference power level (9) for FMT lower than the noise power level (10), its SINR can be approximated with the SNR (i.e. the level of the interference power is negligible compared to the level of noise power). In such a case, assuming the OH of FMT shorter or equal to the CP of A-OFDM, the use of FMT gives a higher value of achievable rate (14) than the one obtained with A-OFDM since it experiences an SNR higher than that of A-OFDM. Therefore, it is better to use FMT. In the other case, namely when the interference power level of FMT is higher than the noise power level, it is better to use A-OFDM.
Implementation
H-FMT can be implemented using the efficient implementation of a DFT modulated filter bank proposed in [11] .
As depicted in Figure 3 , the data signals a (k) (Nn) are processed by an M points IDFT. The M output streams are processed by the cyclic extension block, then are multiplied by the coefficients of the prototype pulse g(n), with n = 0,. . .,N -1. Finally, the outputs are multiplexed with an N channels parallel-to-serial converter.
The receiver comprises the following operations: the received signal y(n) is demultiplexed with an N channel serial-to-parallel converter, then, depending on the used modulation scheme, namely FMT or A-OFDM, the output signals are multiplied by the corresponding prototype analysis pulse coefficients h(-n) with n = 0,. . .,N -1. The obtained streams are processed through the periodic repetition block with period M [7] . Finally, the M-point DFT is performed. Note that the A-OFDM analysis pulse has length M which is shorter than the pulse used for the synthesis stage with length N, but it can be considered with length N simply padding β zeros.
The choice regarding the use of either A-OFDM or FMT is made as follows.
The optimal criterion for switching between A-OFDM and FMT, for each channel realization, targets the achievable RM (15) . Nevertheless, this criterion is not desirable for practical systems where the channel conditions can quickly change.
A sub-optimal criterion can be based on the estimation of the mean SNR. The idea is the following.
First of all, an estimation of the average SIR for the considered channel model can be done offline for both systems, namely for A-OFDM and FMT. Once the average SIR is known, the parameter that accounts for the RM and thus for the choice of the modulation to be used is the experienced SNR (see (7) and (14)). In particular, the modulation that experiences the highest minimum value between the average SIR and the SNR will be the one that allows the system to achieve the highest rate, and thus it will be selected. The SNR estimation can be done by sending a known training sequence of symbols using OFDM with a conservative long CP. In this case, the received signal results free of interference and the SINR (7) corresponds to the SNR. To adapt the system to the channel condition, the SNR estimation can be done periodically. Note that, the SNR of FMT can be computed from that of OFDM by taking into account the gain given by the use of matched pulses, i.e., by multiplying the SNR of OFDM by the quantity (M + β OFDM )/M. Now, with the specific deployed pulses and channel model, numerical results-(see Section 6)-show that the average level of the SIR experienced by FMT and A-OFDM is of about 38 and 80 dB, respectively (these values are obtained averaging across the M subchannels, and 10,000 channel realizations drawn from different channel classes considering the range of distances between 3 and 60 m). Therefore, the simplified switching criterion selects FMT if the estimated mean SNR (SNR averaged across sub-channels) is below the average SIR of FMT. Otherwise A-OFDM is selected. Accordingly, the TX and RX controllers set the corresponding coefficients g(n) and h(n) at the transmitter and at the receiver side. As it will be shown in the numerical results section, the criterion based on the estimation of the mean SNR gives results that are close to that given by the optimal one.
Implementation complexity
Taking into account that in FMT only β coefficients of the prototype pulse differ from a constant [7] , the complexity of this scheme is (χM log M + β)/N and (χM log M + 2β)/N operations per sample for the synthesis and the analysis stages respectively, where χ depends on the FFT implementation. Hence, the complexity of H-FMT is almost the same of the efficient implementation of OFDM which is (χM log M)/N operations per sample for both synthesis and analysis stages. As an example, for a system with χ = 1.2, M = 64, and N = 80, the computational complexity of FMT is equal to {5.96, 6.16} op./samp. for the synthesis and the analysis stages, respectively, and the one of OFDM is equal to 5.76 op./samp. for both the synthesis and the analysis stages.
Hybrid FMT for power saving
In this section, the problem of minimizing the power transmitted by H-FMT when setting a constraint on the achievable rate is treated. To this end, in Section 5.1, the PM problem for a general MC scheme is presented. Then, in Section 5.2, its application to H-FMT is considered.
Power minimization problem
The PM problem refers to the minimization of the total transmitted power under a constraint on the subchannel power and a constraint on the achievable rate. It can be formulated as follows.
where R denotes the target achievable rate in bit/s, Ρ a = {P a (k) , k = 0, . . ., M − 1} is the vector of the subchannel transmitted powers, and P is the sub-channel power constraint, assumed to be constant across the sub-channels. When no constraint is given on the transmitted power, the second line of (17) reduces to P a (k) ≥ 0, or equivalently P ¼ 1. In general, problem (17) is not convex because the interference terms in γ (k) (β) (see Equation 13 ) are dependent on the transmitted powers. A solution to (17) could be found doing and exhaustive search on P a . However, even assuming to quantize the sub-channel power in a finite number L of levels, the exhaustive search would have a complexity O(L M ), which renders this procedure practically unfeasible.
To reduce the complexity, the interference terms are considered independent on the transmitted powers. Consequently, the problem becomes convex [12] . Therefore, if the optimal solution exists, b it satisfies the KKT conditions, and it is given by [16] 
and ξ can be computed by replacing the computed power allocation (18) in the third line of (17) [16] , namely,
Relation (18) shows a typical water-filling power distribution, i.e., more power is allocated in those subchannels that experience higher normalized SNR: γ (k) (β).
Power minimization algorithm for H-FMT
The application of (18) and (20) to H-FMT can be made feasible by using the selection criteria that have been proposed in the previous section for the achievable rate maximization. The reason behind it, is that, if the interference is considered independent on the transmitted power, the PM problem can be seen as the dual problem of the RM problem [16] , according to which the selection criteria for H-FMT have been designed. Clearly, due to the presence of the interference, these criteria will be sub-optimal but they are significantly more simple compared to the optimal criterion that chooses the modulation solving the non convex PM problem. Now, once the system has selected the coefficients g(n) and it has allocated the sub-channel power according to (18), the interferences experienced across the sub-channels might change. Since the coefficients γ (k)(n) (β) are dependent on the interference, the corresponding achievable rate may also differ from the target rate. To solve this problem, it is proposed to iteratively compute (17) until the rate target R is reached. In particular, at the first iteration, the transmitted powers are set equal to the ones given by the PSD limit level specified by the WLAN standard [15] . In such a case, the interference is maximal and the
corresponding γ (k)(n) (β) are the smallest. The following pseudo code summarizes the PM algorithm for H-FMT.
(1) Set the modulation Selection Criterion. Namely, the optimal or the SNR based switching criterion. (2) Select the system to be used (FMT or A-OFDM). (3) Compute the coefficients γ (k) (β) for k = 0, . . ., M − 1, fixing the transmitted power at the level given by the PSD mask constraint. Also compute the rate achievable with this power distribution, i.e., C. 
Set it=it+1. end while
From numerical results, it is noticeable that the proposed algorithm converges in less than ten iterations either when a sub-channel power constraint is imposed or when it is not.
Numerical results
This section presents and discusses numerical results that illustrate the performance of A-OFDM, FMT, and H-FMT when the RM and the PM problems are considered.
The following system parameters are assumed. They essentially are those of the IEEE 802.11 g standard [15] .
The MC system uses M = 64 sub-channels with a transmission bandwidth of 20 MHz. When a constraint on the PSD mask is considered, its level is set to −53 dBm/Hz. White Gaussian noise with PSD equal to −168 or −138 dBm/Hz is added at the receiver. To compare the performance of the proposed systems, an OFDM baseline system is considered. It deploys a fixed CP of 0.8 μs (β = 16 samples), that is the value of CP employed by the IEEE 802.11 g standard.
Achievable rate maximization
Throughout the section, a constraint on the PSD mask is assumed. Therefore, as explained in Section 4, the transmitted power is allocated uniformly across the sub-channels at the PSD limit level. Figures 4 and 5 show the CDFs of the optimal CP (16) for each channel class and for different distances between transmitter and receiver when the noise PSD, respectively, equals −138 and −168 dBm/Hz. From both figures, it can be seen that the distribution of the optimal CP depends both on the distance and on the channel class. However, the dependency on the class is stronger than the one on the distance. Furthermore, the optimal CP length increases when the noise power level decreases. This, as explained in Section 3.1, is because the lower the noise power, the higher is the impact of the interference power on the achievable rate (see 
Equation 14
). Thus, a longer CP is required to mitigate this effect and maximize the achievable rate.
The sets of CPs computed according to the optimal CP CDF criterion (see Section 3.1) can be determined from Figures 4 and 5: classes B, C, and D and for distances between transmitter and receiver equal to 10, 30, and 60 m. From Figure 6 , we can observe that when the noise is high it is better to use FMT than both OFDM and A-OFDM. This is also true, when the noise is low as in Figure 7 , but for large values of distance d = {30,60}m. Therefore, FMT shows better performance than both A-OFDM and baseline OFDM in the low SNR region. On the contrary, for a short distance of 10 m, A-OFDM is able to achieve higher rate than FMT. Although not shown, the results obtained with a distance of 3 m behave as the ones obtained with a distance of 10 m. Now, Figure 8 shows the average SNR experienced by FMT for each channel class and for distances between transmitter and receiver of {3, 10, 30, 60}m. The noise PSD equals −168 dBm/Hz. The average SNR experienced by OFDM can be obtained adding to the showed SNR a factor 10log 10 (M/(M + β)), e.g., for β 99% F = 1.1 μs, it has to be lowered by 1.28 dB. Figure 8 also shows the average SIR (averaged across all the channel classes and across all the distances) of FMT. It is worth noting that regarding A-OFDM, it always experiences a SIR that is several dBs higher than the one of FMT. Figure 9 shows the achievable rate CCDF for the baseline system and for H-FMT that uses both the optimal and the mean SNR-based modulation selection criterion. The simulated channel classes are the B, C, and D. For each class, the curves are computed considering random distances from the set {3,10,30,60}m. Notably, both modulation selection criteria give the same performance. Furthermore, with probability 0.9, H-FMT provides gains in achievable rate of {29%, 23%, 21%} and {16%, 15%, 12%} w.r.t. OFDM for channel classes {B, C, D} and for noise PSD of −138 and −168 dBm/Hz, respectively. More precisely, with probability 0.9, for channel classes B, C, and D, OFDM exceeds {60,64,85} Mbit/s, while H-FMT exceeds {72,74,98} Mbit/s. Finally, looking at Figures 6 and 7 , it should be noted that also if not explicitly highlighted before, the achievable rate CCDF of H-FMT for each distance and for each class corresponds to the right most curve. Figures 10 and 11 show the CDFs of the average transmitted power per sub-channel, respectively, for a noise PSD of −138 and −168 dBm/Hz. They have been obtained solving the PM problem (17) for H-FMT with the proposed PM algorithm using both the optimal and the mean SNR based modulation selection criteria, and for the baseline system. The results are shown imposing a sub-channel power constraint given by a PSD mask of −53 dBm/Hz. Furthermore, the case of no subchannel power constraint is shown for H-FMT that uses the optimal modulation selection criterion. The results obtained with A-OFDM are also shown. These are meant to show the best performance obtainable using OFDM. The results are obtained drawing the channels randomly among the classes {B,C,D}, and for distances in 1-60 m. Furthermore, for each channel realization the target rate R is set equal to the achievable rate of the baseline system (OFDM with fixed CP of 0.8 μs) whose transmitted powers are given by the PSD limit level.
Power minimization
From Figures 10 and 11 , the following observations can be made. The modulation selection criterion based on the mean SNR estimation works close to the optimal one. The power saving given by the use of H-FMT without subchannel power constraint is negligible w.r.t. the use of a sub-channel power constraint.
With probability equal to 0.9, H-FMT and A-OFDM, respectively, transmit with power of about 1.6 and 1.34 dB less than the baseline system when the noise PSD equals −138 dBm/Hz, and of about 1.9 and 1.4 dB less when the noise PSD equals −168 dBm/Hz. This translates in a power saving in the range of 30-36% w.r.t. the baseline system. However, it is also noticeable that there are a 20% of channels where the power saving is of about 3 dB.
Conclusions
The use of adaptive MC modulation over WLAN channels has been investigated, and a hybrid FMT architecture has been proposed. It wisely switches between adaptive OFDM and FMT with minimal length pulses to provide achievable rate or power saving gains w.r.t. conventional OFDM that deploys a fixed value of CP. Hybrid FMT can be implemented through an efficient architecture whose complexity is almost the same of OFDM. Numerical results, obtained by simulating the proposed architecture over typical WLAN channels, have shown that the proposed architecture can improve the performance of WLAN devices up to the 30% in achievable rate, or up 2 dB in transmitted power in 80% of channel realizations.
Endnotes

